Abstract-Consider the uplink of multi-input multi-output (MIMO) orthogonal frequency division multiplexing (OFDM) systems. When the number of antennas is sufficiently large, the zero-forcing (ZF) detection performed at the Base station (BS) is near optimum to demodulate data symbols transmitted by users over each subcarrier. Nevertheless, it requires matrix inversion to perform the ZF detection especially when the number of users and subcarriers are large. In this work, we adopt singular value decomposition (SVD) based ZF detection and employ power iterative method to reduce computational complexity of SVD. Furthermore, we exploit the fact that the channel matrices of adjacent subcarriers are similar to reduce the required number of iterations in the power iterative method. Specifically, the initial vectors in the power iteration are substituted by the singular vectors obtained for the channel matrix corresponding to the previous subcarrier, rather than the randomly generated vector. It shows through computer simulations that the proposed method reduces the number of iterations by 40%∼ 70%, which significantly reduces the computational complexity in broadband OFDM systems.
I. INTRODUCTION
Multi-input multi-output (MIMO) have been considered as a promising technology to combat multi-path channel fading and enhance energy efficiency [1] . Toward the trend of the fifth generation mobile communications, large-scale MIMO system becomes a popular candidate since more spatial diversity and multiplexing gain can be achieved [2] . Nevertheless, the computational complexity of massive MIMO systems is prohibitive because of increasing degree freedom.
On the other hand, orthogonal frequency division multiplexing (OFDM) based modulations are still considered as potential waveforms for next generation communication systems because of high spectrum efficiency. In this work, we consider an uplink of MIMO-OFDM system [3] where a base station (BS) equipped with a large number of antennas serves multiple user equipments (UEs) which are equipped with single antenna. When the number of antennas is sufficiently large, the zero-forcing (ZF) detection performed at the BS have been shown near optimum to demodulate data symbols transmitted by users over each subcarrier [4] . The authors in [5] block diagonalization to eliminate co-channel interference in the uplink of MIMO-OFDM systems. However, it demands a large number of singular value decompositions (SVD) to analyze the null space of the received signals. To lower the computational complexity of the SVD, successive ZF Figure 1 . The MIMO-OFDM uplink system method has been adopted to partition the received signal into a few subspaces with reduced dimension [6] . Nevertheless, the computational complexity is still high [6] . In [5] , [6] , the ZF detector requires SVD over each subcarrier. In this work, we adopt power iterative method [7] to obtain the SVD of the channel matrix over one frequency response of the MIMO channel iteratively. In broadband MIMO-OFDM systems, the channel frequency response are highly correlated over neighboring subcarriers if the number of subcarriers is much greater than the length of channel impulse response. In the proposed algorithm, the singular vectors obtained for one MIMO channel frequency response can be exploited to update the singular vectors of the MIMO channel frequency response of the adjacent subcarrier. It shows through computer simulations that the proposed method reduces the number of iterations by 40% ∼ 70%, which significantly reduces the computational complexity in broadband OFDM systems. On the other hand, the proposed scheme is able to achieve great tradeoff between complexity and the bit error rate (BER) performance with proper convergent condition.
II. SYSTEM MODEL
In this paper, we consider an uplink system where K UEs simultaneously transmits signals over a common set of subcarriers to a BS equipped with N r antennas (N r > K). The block diagram is shown in Fig.1 . Specifically, let
be the frequency-domain signal transmitted by the k-th UE, where N is the number of subcarriers. Each UE transmits signal after performing inverse fast Fouier transform (IFFT) and inserting cyclic prefix (CP) with length ν greater than the channel impulse response.
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Assume that the signal reception at the BS is well synchronized. After removing CP, the time-domain signal received at the r-th antenna of the BS is given by
where
N ×N is a circulant matrix with the first column given by [h
is the channel impulse response between the k-th UE and the r-th antenna of the BS with length L, and W r ∈ C N ×1 is the white Gaussian noise with zero mean and covariance matrix σ 2 w I N . After taking fast Fourier transform (FFT), the frequency-domain signal received at the r-th antenna of the BS is then given by
where H r,k = FH r,k F H is the frequency-domain channel matrix, and w r = FW r ∈ C N ×1 is the frequency-domain noise with distribution CN (0, σ
) and the n-th frequency response of channel between the k-th UE and the r-th antenna of the BS is given by
where h r,k [ ] is the -th element of h r,k , for n = 0, 1, · · · , N − 1. To jointly detect the signals transmitted by all UEs over N subcarrier, let us re-format the signal received at all antennas of the BS over the n-th subcarrier.
T ∈ C Nr×1 with y r [n] being the r-th element of y r , which is given bỹ
whereH n ∈ C Nr×K is the MIMO channel matrix over the n-th subcarrier with the (r, k)-
K×1 is the signal transmitted over the n-th subcarrier with the k-th element being the n-th element of x k , andw n ∈ C Nr×1 is the Gaussian noise over the n-th subcarrier with the r-th element being the n-th element of w r .
III. LOW-COMPLEXITY ZERO-FORCING DETECTION
Based on the received signal over each subcarrier, we can apply multiuser detection over each subcarrier to detect data symbols transmitted by all UEs. In this work, we adopt ZF detection to eliminate multiuser interference. Specifically, the data symbols over the n-th subcarrier can be detected bŷ
for n = 0, 1, · · · , N − 1. The computational complexity to obtain one inverse matrix in (5) is O(N r K 2 +K 3 ). Therefore, it could be costly if the matrix inversion is performed carrierby-carrier for large-scale MIMO systems with a large number 
of subcarriers. Luckily, the length of the channel impulse responses is usually much less than the number of subcarriers for broadband transmission systems, i.e., N L. In this case, the channel frequency responses are highly correlated over adjacent subcarriers. In accordance with the observation, we will proposed a ZF detection algorithm for the uplink of multicarrier MIMO systems based on power iterative method [7] .
A. Zero-Forcing Algorithm based on Power Iterative Method
Denote the SVD of the channel matrixH n as
where the matricesŨ n ∈ C Nr×K andṼ n ∈ C K×K have orthonormal columns, and the matrixΣ n ∈ C K×K is diagonal with descending singular values on the diagonal. The SVD of H n can be alternatively expressed bỹ
whereσ n,k is the k-th diagonal term ofΣ n and is the kth greatest singular value ofH n , andũ n,k andṽ n,k are the corresponding left and right singular vectors, respectively. Based on the SVD, the ZF detection over the n-th subcarrier can be expressed byx
Give the SVD ofH n , the computational complexity to carry out the ZF detection is low becauseΣ n is diagonal. Nevertheless, conventional SVD requires complexity of
To reduce the computational complexity, we adopt power iterative method to obtain the SVD numerically[]. Specifically, let p (0) n,1 ∈ C K×1 be an initial vector with unitnorm. After performing the following recursive processes
for t = 1, 2, · · · , it can be verified that q
n,1 and p
n,1 approach u n,1 andṽ n,1 as t goes infinity, respectively. On the other hand, the greatest singular valueσ n,1 can be approached by
n,1 with t → ∞. The iterative procedure converges faster if the ratioσ n,1 /σ n,2 is greater. Similarly, the k-th greatest singular valueσ n,k and the corresponding pair of singular vectors (ũ n,k ,ṽ n,k ) can be obtained by performing the iterative procedure oñ
with initial vector p
. For a broadband MIMO-OFDM systems, the frequency responses of the MIMO channel are highly correlated across adjacent subcarriers. Based on the observation that the SVD of the MIMO channel matrices of two neighboring subcarriers are highly similar, the number of required iterations can be significantly reduced if we set of initial vector p (0) n,k as the (k − 1)-th greatest right singular vectorṽ n−1,k . Specifically, it shows through numerical simulations that around 1 ∼ 2 iterations are required to approach one pair of singular vectors by leveraging the correlation among the channel matrices. Hence, instead of calculating the inverse matrix in the ZF detector in (5), we can employ power iterative method to obtain SVD of the channel matrices across a large number of subcarriers and it simply requires scalar inverse to calculate ZF detector in (8). The proposed algorithm to obtain the SVD of the channel matrices across all subcarriers is summarized in Algorithm 1.
IV. SIMULATION RESULTS
In this section, we consider the uplink MIMO system where the BS is equipped with In Fig.2 , we demonstrate the correlation among the channel frequency responses. It shows that both the phase and amplitude of the channel frequency responses varies slowly across subcarriers if the channel length is much less than the number of subcarriers.
To evaluate the computational complexity and the corresponding detection performance, Figs. 3 and 4 demonstrates the number of iterations required to attain the convergent condition ε and the corresponding bit error rate (BER) performance for the uplink with K = 8 UEs. It shows that it attains optimum tradeoff between the complexity and BER performance. Figures 5 and 6 demonstrate the cumulative distribution function of the number of required iterations and the corresponding BER performance of the proposed algorithm with various convergent conditions. It shows that the BER performance is worse with increasing number of UEs. 
V. CONCLUSIONS
In this paper, we propose an iterative algorithm to obtain the SVD of the MIMO channel frequency responses. Instead of calculating the SVD independently tone-by-tone, we exploit the correlated property among the adjacent subcarriers to reduce the computational complexity.Simulation results show that significant computational burden can be saved with the proposed algorithm, and the proposed method achieves good tradeoff between complexity and BER performance.
